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Isotope-specific detection of low density materials with mono-energetic γ-rays
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The first demonstration of isotope-specific detection of a low-Z, low density object, shielded by
a high-Z and high density material using mono-energetic gamma-rays is reported. Isotope-specific
detection of LiH shielded by Pb and Al is accomplished using the nuclear resonance fluorescence
line of 7Li at 0.478 MeV. Resonant photons are produced via laser-based Compton scattering. The
detection techniques are general and the confidence level obtained is shown to be superior to that
yielded by conventional x-ray/γ-ray techniques in these situations.

PACS numbers: 41.60.Ap, 07.85.Fv,42.55.Wd,25.20.Dc

In this Letter, we report what we believe to be the
first demonstration of a general technique that will en-
able the detection and identification of low-Z, low density
targets, shielded by high-Z and high density materials.
We describe the detection of a LiH target, shielded by Pb
and Al using Nuclear Resonance Fluorescence (NRF) and
LLNL’s T-REX (Thomson-Radiated Extreme X-rays)
mono-energetic γ-ray source. T-REX is a laser-based
source that produces mono-energetic, tunable, polarized
γ-rays via Compton scattering of energetic short dura-
tion laser pulses from high-brightness relativistic electron
bunches. While the results presented here correspond to
a proof-of-principle experiment, the range of applications
for this new ”inverse density” detection capability is quite
broad and includes special nuclear material detection [1],
stockpile surveillance [2], nuclear waste assay [3], medical
imaging and industrial non-destructive evaluation.

The detection of low-Z, low-density objects shielded by
high-Z, dense material is a long-standing problem that
has important applications ranging from homeland se-
curity and non-proliferation [4] to advanced biomedical
imaging and paleontology. X-rays are sensitive to elec-
tron density and x-ray radiography yields poor contrast
in these situations. Within this context, NRF offers a
unique approach to the so-called inverse density radio-
graphy problem. NRF is a process in which nuclei are
excited by discrete high-energy (typically MeV) photons
and subsequently re-emit γ-rays at discrete energies de-
termined by the structure of the nucleus. Because the
resonance structure is determined by the number of neu-
trons and protons present in the nucleus, NRF can pro-
vide isotope specific detection and imaging capability [5].
NRF has been recently used to detect shielded, dense,
high-Z materials, such as 235U or 239Pu, with a 4 MeV
bremsstrahlung source [6].

NRF transitions are narrow band (∆E/E ' 10−6);
thus monochromatic Compton-scattering sources are fa-
vorable for that type of application when compared with
Bremsstrahlung sources. Since Bremstrahlung sources
have 100% bandwidth, they create considerable back-
ground via elastic Compton scattering and other pro-
cesses. Furthermore, the dose accumulated during detec-
tion is much higher than for a Compton source. A rel-

atively recent achievement of laser-based Compton scat-
tering light sources is their high peak brightness at MeV
energies [7, 8], a range that is beyond 3rd generation
synchrotrons. Laser-based Compton scattering source
development has been motivated by the desire to pro-
duce either sub-ps pulse duration x-rays for dynamic
studies [9–11] or tunable radiation in the 10 keV-100
keV range for specific radiographic applications [12]. Re-
cently, laser-based Compton γ-ray sources have been de-
veloped and used for nuclear science purposes: HIγS, a
0.7-50 MeV high intensity γ-ray facility producing polar-
ized photons via intra-cavity Compton backscattering in
a free-electron laser, has been used as a research tool to
assign the parity of excited states in nuclei using NRF
[8], and 208Pb has been detected in an iron box by using
γ-rays produced by the collision of a Q-switched laser
beam and a high energy electron beam from a storage
ring [13].

Our experiment was performed at the LLNL linac fa-
cility, which houses a 120 MeV S-band linac and custom
laser systems designed specifically for laser-based Comp-
ton scattering x-ray and γ-ray sources. The accelerator
has been upgraded from previous laser Compton exper-
iments [10, 11] to increase the electron beam brightness
and energy. The experiments were conducted in three
different below-ground caves: the outer detector cave,
where the Interaction Laser System (ILS), producing the
colliding photon beam was located; the accelerator cave,
containing the photo-injector, the linac and the interac-
tion region; and finally the 0◦ cave, on the other side of
a thick concrete wall where the γ-ray diagnostics, includ-
ing Ge detectors, were setup. A full description of the
system can be found in Ref.[14]

The electron beam line begins at the photo-cathode,
which consists of a a Cu back plane on which a 2 µm thick
sputter-coated layer of Mg has been deposited within a
1 cm diameter circle in the center. The high quantum
efficiency of Mg enables the use of a fiber-based Photoin-
jector Drive Laser system (PDL) similar to [15]. The
fiber system is seeded by an ultrafast 200 pJ, 75 fs fiber
oscillator. Pulses from the oscillator are stretched and
spectrally narrowed to 8 nm by a fiber Bragg grating [16]
and amplified in a chain of fiber-based amplifiers to an
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energy of 100 µJ at 10 kHz of 1053 nm. The pulses are
further amplified by a bulk-optic regenerative amplifier
to an energy of 1 mJ at 10 Hz. The pulses are then
compressed by a bulk, dielectric-coated diffraction grat-
ing to 1 ps, frequency-quadrupled, sent through a pulse-
stacking Hyper-Michelson interferometer [17] to produce
a 15 ps flat-top temporal profile, apertured to produce a
flat spatial profile, and finally relay-imaged to the photo-
cathode, on which the incident UV laser energy is 30 µJ.
The 0.5 nC, 5.5 MeV, 2 mm.mrad normalized emittance
electron beam from the photo-cathode is coupled into the
S-band linac, where it is accelerated by five 2.5 m SLAC-
type traveling-wave sections up to 120 MeV, with a final
normalize emittance of 5-6 mm.mrad.

The laser oscillator also serves as a seed for the Inter-
action Laser System (ILS), which also relies on chirped
pulse amplification [18]. The pulse is first stretched
and spectrally narrowed through a chirped fiber Bragg
grating; then amplified by a series of fiber-based pre-
amplifiers to 30 µJ at 10 kHz, and further amplified by
a three head Nd:YAG power amplifier which delivers 750
mJ in 25 ps, 0.2 nm wide pulses centered at 1064 nm
at a repetition rate of 10 Hz. The laser pulse is then
compressed by a novel dielectric grating-based hyper-
dispersion pulse compressor [19], frequency-doubled with
a DKPD crystal to yield 150 mJ at 532 nm, and focused
inside a vacuum chamber (10−8 Torr) by a 2.4 m focal
length f/50 lens down to 75 µm (full width at half maxi-
mum). For the 180◦ interaction geometry, the longitudi-
nal position of the interaction region is set by the laser fo-
cus and the 35×40 µm2 (rms) quadrupole-focussed elec-
tron beam. Optical transition radiation from the electron
beam and reflection from the laser light on the cube can
be imaged by a CCD for the spatial overlap and by a 2
ps resolution streak camera for the temporal overlap.

The measured spatial and spectral properties of the
source, shown in Fig.1, are consistent with Compton scat-
tering theory: the beam is collimated and the on-axis
spectrum is sharply peaked and relatively narrow-band.
The on-axis spectrum is peaked at an energy of 4γ2EL,
where γ is the electron relativistic factor and EL the laser
photon energy. The beam profile has been measured with
a 16 bit 1024×1024 pixels Intensified Charge Coupled De-
vice (ICCD) Andor camera coupled to a 3:1 optical fiber
reducer. The latter provides a 4×4 cm2 detection sur-
face and is also coupled to a 140 µm CsI(Tl) scintillator
which converts the γ-rays into green light. The whole
system is protected from laser light with a 0.5 mm thick
Be window and has been calibrated with a 662 keV 137Cs
radioisotope source. The 15 s (150 shots) beam profile
shown in Fig. 1 indicates a 6.0×10.4 mrad2 divergence
and an integrated x-ray dose of 105 photons/shot. The
divergence is lower along the horizontal direction due to
polarization effects [20]. The source spectrum has been
measured through a 6 mm Pb collimator indirectly by
scattering the γ-rays off a 3 mm thick Al plate onto a
50% efficiency, 2.8 keV resolution at 662 keV High Purity
Germanium detector (HPGe) (with a 6× 8 cm cylindrical

FIG. 1: Top: Experimentally measured on-axis spectra (dots)
after scattering off the 3 mm Al plate for an electron beam en-
ergy of 116 MeV and corresponding Monte-Carlo simulation
(dashed curve). The images represent the full beam profile
and the collimator shadow on the ICCD (see details in text).
Bottom: Input raw spectrum used in the Monte-Carlo simu-
lation

Ge crystal) operating in a statistical single photon count-
ing mode (rate of 20%), and placed 150 cm away from
the plate. The scattered γ-rays of energy E

′

γ are corre-
lated to the incident γ-rays of energy Eγ by the Comp-
ton scattering relation E

′

γ = Eγ/[1 + Eγ/E0(1 − cos θ)],
where E0= 0.511 MeV is the electron rest energy and
θ = 48o is the scattering angle of the γ-rays on the de-
tector. The spectrum peaks at 365 keV (incident energy
478 keV) with a 15% relative bandwidth, which agrees
with the results of the Monte-Carlo simulations from the
MCNP5 code [21], plotted on top of the experimental
spectrum in Fig. 1. The continuum below 250 keV
is due to incomplete energy absorption (elastic Comp-
ton scattering) in the detector. The peak at 110 keV
arises from double Compton scattering off the Al plate
and the adjacent wall, followed by photo-absorption in
the Ge detector. The peak near 88 keV is from x-ray
fluorescence in the Pb shield surrounding the Ge detec-
tor. The tunability of the source has also been verified
by measuring the γ-ray energy for additional electron
beam energies of 68 MeV, 85 MeV and 101 MeV. The
results are consistent with the Compton scattering for-
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mula [22]. All the source parameters described above are
summarized by the peak brightness at 478 keV, 1.5×1015

photons/mm2/mrad2/s/0.1%bandwidth. Higher bright-
ness can be obtained by a combination of higher electron
beam brightness and laser intensity.

FIG. 2: Experimental setup for NRF detection in 7Li.

T-REX photons have been used to detect 7Li with
NRF by employing two methods. First we directly ob-
serve the scattered NRF photons. Second we observe the
resonant attenuation of γ-rays in the transmitted beam
to determine the presence or absence of the target mate-
rial.

In a first experiment, the source has been used to de-
tect the 0.478 MeV line of 7Li (ZLi=3) in a low density
(ρLiH =0.36 g/cm3) LiH sample shielded by higher Z ele-
ments: 3 mm of Al (ZAl=13) and 8 mm of Pb (ZPb=82).
The ratio µρPb/µρLiH , where µ is the mass attenuation
coefficient, is equal to ' 60. 225 grams of LiH are placed
in a light plastic bottle with a diameter of 8 cm, and are
irradiated by the γ-ray beam, 20 m away from the source.
At this location, the beam diameter, limited by the aper-
ture along the beam path, is 4 cm. The experiment, de-
picted in Fig. 2, uses an additional HPGe detector. The
source spectrum is monitored by the first HPGe to en-
sure a proper tuning of the γ-rays peak energy at 0.478
MeV. The NRF-scattered photons are detected by the
second HPGe detector, positioned at 90◦ with respect to
the incident beam axis and 15 cm away from the center of
the beam. With the source parameters described above,
NRF photons are expected to be scattered in a dipole ra-
diation pattern at a rate of 16 photons/hour. The HPGe
detector was positioned in the x-ray polarization plane
to maximize the NRF signal from the M1 transition in
7Li [23]. A scattering angle of 90◦ was chosen in order
to minimize the amount of elastic Compton scattering
background from the LiH target [24], since the γ-rays
are linearly polarized. The count rate on the HPGe was
close to 10% to avoid pile-up.

NRF data were acquired for 7.5 hours at 10 Hz and
the results are shown in Fig. 3. The raw data (0.2
keV/channel) are binned to 1 keV resolution. The peak
observed at 511 keV results from annihilation of e+-e−
pairs created by the high energy Bremsstrahlung from
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FIG. 3: Experimental results for NRF detection in 7Li. The
black solid curve represents detected γ-ray photons scattered
from the LiH sample.

the linac. This line is still present when the interaction
laser is off. The NRF line from 7Li is observed at 0.478
MeV with a 6σ confidence level. For comparison, if one
considers the transmission of γ-rays in the same energy
range [25] propagating trough 1/8 inch of Al, 8 cm of
LiH, 5/8 inches of Pb (shielded LiH), and 1/8 inch of Al,
5/8 inch of Pb (shielding alone), the attenuation of γ-
rays alone, under our experimental conditions, does not
differ enough to detect the presence of LiH. This differ-
ence (5%) lies within the standard deviation of the back-
ground (27%) in our experiment. Moreover, only NRF
provides a characteristic energy signature and isotopic
sensitivity. In addition, simple calculations, using the
known NRF cross section of 7Li and x-ray NIST atten-
uation data [25], show that NRF becomes more effective
as the Pb shielding increases.

Having detected NRF from 7Li, we investigated an-
other method to ascertain the presence or absence of a
given isotope that has the potential to yield lower false
positive and negative rates [4]. In this method, first pro-
posed by Bertozzi [26], γ-rays are transmitted through
the material under interrogation to a reference sample
containing the isotope of interest. If NRF is detected
from the reference, one can conclude that the interro-
gated material did not contain the isotope. If no NRF
is observed, either the resonant photons have been scat-
tered by the isotope in the interrogated sample, or the
material is optically too thick; the latter case can be ruled
out by a simple transmission measurement. Since this
method relies on the creation of a notch in the transmit-
ted spectrum at the NRF energy by the isotope of in-
terest, the advantages of narrow-band, highly collimated
light sources are clear.
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FIG. 4: NRF detection in 7Li with two samples: output of
reference detector when the interrogated LiH is (A) out of the
beam (resonant photons present in the incident spectrum) and
(B) in the beam (resonant photons absent from the incident
spectrum).

We placed an identical test LiH sample in the beam
path before the reference LiH bottle already present. It
was mounted on a horizontal translation stage so that
we could observe the effect on the NRF scattered spec-
trum in the reference sample. The data displayed in Fig.
4 represent the scattered spectra obtained the reference
detector when the LiH is in and out of the beam, with
background subtraction. In each spectrum the 511 keV
line can be observed, as in Fig. 3. When the test sample
is in the beam, the NRF line is not observed on the refer-
ence detector (Fig. 4A). When the LiH sample is pulled
out, the NRF line appears on the reference detector (Fig.
4B).

In conclusion, we have shown that low-Z, low den-
sity material (7Li) can be detected behind high-Z, high
density material (Pb) by using nuclear resonance fluores-
cence excited by a high-energy, high-brightness Compton
scattering light source. Indeed, radiography frequently
fails with heavily shielded low-Z objects because the low-
energy portion of the Bremsstrahlung spectrum; i.e. the
part of the spectrum that interacts most strongly with
low-Z materials (thereby providing high image contrast)
is often very strongly attenuated by the shielding. NRF
probes (typically MeV scale) can easily penetrate modest
amounts of shielding and still provide very high image
contrast in hidden low-Z materials if there is a strong
NRF resonant absorption. NRF provides unique iso-
tope sensitivity and narrow-band, laser-based Compton
sources are very well suited to NRF-based detection. The
capability to observe optically thin objects embedded in
optically thick material with deeply penetrating radiation
has numerous potential applications ranging from med-
ical imaging to homeland security, nuclear waste assay
and stockpile stewardship.
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